Abstract. Many Antarctic seabirds depend on prey that are patchy, cryptic, ephemeral, and unpredictable in location. These predators typically employ two alternative behavioral strategies for locating resource patches: direct visual or olfactory detection, and indirect detection (local enhancement) by sighting other predators that are already exploiting a patch. We developed a model of direct detection and local enhancement in seabirds that predicts how foraging success varies with behavioral strategy, seabird densities, and prey swarm density and detectability. Application of the model to Black-browed Albatrosses foraging for Antarctic krill near South Georgia suggests that local enhancement is generally a highly effective foraging strategy, and that the fraction of time albatrosses spend in feeding flocks should show strong interactions between prey and conspecific densities. To test these predictions, we analyzed survey data collected near South Georgia in January-March 1986. Our analysis suggests a strong Allee-type density dependence in foraging success that was qualitatively and quantitatively consistent with model predictions. This density dependence suggests a potential for destabilizing patterns of resource utilization and reproductive success in Black-browed Albatrosses that may have important implications for conservation of albatrosses and other Antarctic species.
INTRODUCTION
Antarctic seabird populations are often tightly coupled to the spatial and temporal distributions of their prey. Recent studies have quantified the behavior of foraging seabirds (Nevitt et al. 1995 , Veit and Prince 1997 , Veit 1999 , Nevitt 2000 , have documented temporal correlations between prey availability and reproductive success (Croxall et al. 1984 , Weimerskirch et al. 1997 , Mangel and Switzer 1998 , Waugh et al. 2000 , and have related the spatial distributions of foraging seabirds to the distributions of their resources (Ainley et al. 1993 , Veit et al. 1993 , Zamon et al. 1996 , O'Driscoll 1998 , Fauchald 1999 , Rey and Schiavini 2000 , Wood et al. 2000 . Understanding what these studies imply about the complex relationships among Antarctic seabird foraging behaviors, reproductive success, and the spatiotemporal distributions of prey requires improved mechanistic models relating observed patterns to ecological dynamics. Such models are also critical for predicting how natural and anthropogenic changes in seabird and prey abundances will impact the future viability of seabird populations.
In this paper, we use the Black-browed Albatross, Thalassarche melanophris, as a case study to develop 3 E-mail: grunbaum@ocean.washington.edu a mechanistic model of an important indirect foraging strategy, local enhancement. Black-browed Albatrosses exploit a number of prey types; at South Georgia, however, their reproductive success appears to be limited primarily by their ability to locate and exploit swarms of Antarctic krill, Euphausia superba (Croxall et al. 1999 ) (see Plate 1). In local enhancement, foraging birds that are searching for prey swarms also monitor neighbors and join them when they appear to be successful (Hinde 1956 , Buckley 1996 , 1997 . Because feeding flocks of seabirds are usually far more conspicuous than the prey underneath them, local enhancement can substantially increase contact rates between seabirds such as Black-browed albatrosses and their prey (Bretagnolle 1993) .
We first present an analysis of albatross and krill distribution data from South Georgia, in which we look for relationships between prey abundance, predator abundance, and an index of foraging success. We then develop a model of feeding flock formation and dissolution that predicts the impacts of direct and indirect prey patch detection under a variety of conditions. The model suggests that the feeding success of albatrosses foraging on krill may be highly density dependent. Motivated by these results, we reanalyze the South Georgia data to determine whether they exhibit density dependence that is qualitatively and quantitatively consistent with predictions. Finally, we discuss the implications of our results for the population biology of albatrosses and other seabirds. 
OBSERVED ALBATROSS AND KRILL SWARM DISTRIBUTIONS
We tested the hypothesis that density and foraging success of albatrosses have a direct statistical relationship with prey density, using the fraction of birds on the water feeding as an index of foraging success. We assumed that birds are statistically similar; hence, observing a given fraction of birds feeding implies that each individual bird spends an equivalent fraction of its time feeding, in the long run. This index is approximate, because it neglects satiation or intraflock interactions such as interference and facilitation (we present a detailed model of intraflock interactions elsewhere; D. Grü nbaum and R. R. Veit, unpublished manuscripts) . Nonetheless, it is a reasonable first approximation to assume that, under a fixed set of conditions, greater time spent in feeding flocks (as opposed to flying in search of prey) correlates with higher foraging success. We quantified the relationship between albatross and krill density ( Fig. 1 ) in 16 transects of 50 nautical miles (ϭ92.6 km) from a cruise to South Georgia in the summer of 1986 (Hunt et al. 1992 , Veit et al. 1993 . In these transect data, the density of flying birds is overrepresented relative to that of birds on the water, because the flying birds' own movements cause them to encounter the ship at a disproportionately higher rate. We compensated for this sampling bias by calculating a discount factor for flying birds (Spear and Ainley 1997) . We used a ship speed of 9.25 knots (ϭ4.76 m/s) and a ground speed (V ) for Black-browed Albatrosses of 10 m/s (Pennycuick 1982, Spear and Ainley 1997) , and arrived at a correction factor of 2.23 (Koopman 1956 , Spear et al. 1992 .
Our estimates of krill biomass, B, are based on acoustic transects and represent vertical integration over the entire 200-m water column (Hunt et al. 1992 , Veit et al. 1993 . Nondiving birds such as albatrosses can only exploit krill in the top 1-2 m (Warham 1990 , Harrison et al. 1991 ), which are above typical transducer positions and therefore are not sampled by acoustic surveys (Everson 1988 , Veit et al. 1993 , Zamon et al. 1996 , Hewitt and Demer 2000 . Nevertheless, it is reasonable to expect that acoustically detected krill abundance is a useful index of prey availability to birds (Demer and Hewitt 1995) .
We found no statistically significant relationship between krill biomass and the density of Black-browed Albatrosses (Fig. 1A) . Furthermore, there was no statistically significant relationship between krill biomass and the fraction of albatrosses feeding on the water (Fig. 1B) . In contrast, we found a highly significant relationship between albatross density and the fraction of albatrosses feeding on the water (Fig. 1C) . That is, the strongest indicator of high foraging success (as shown by the fraction of birds observed feeding) in the summer of 1986 at South Georgia was the presence of a high density of conspecifics, rather than a high density of prey. These correlations suggest a hypothesis to explain the South Georgia observations: local enhancement substantially increases feeding rates in areas with many predators relative to other areas with equal prey availability but fewer predators. According to this hypothesis, it is some combination of prey availability and predator density that determines feeding success.
A MODEL OF SEABIRD FORAGING SUCCESS WITH LOCAL ENHANCEMENT
To examine this hypothesis, we considered a population of albatrosses with a local density A (number of birds per square kilometer) foraging for available krill swarms with a local density (number of swarms per square kilometer). We assumed that A remains constant over the relatively short duration of our simulations. We subdivided the albatross population at time t into two categories: S(t), the density of albatrosses search- ing for krill swarms; and F(t), the density of albatrosses feeding on swarms (so that A ϭ S(t) ϩ F(t)). We also subdivided the available krill swarms at time t into the density of undetected swarms, U(t), and the density of detected swarms, W(t), so that ϭ U(t) ϩ W(t). Available krill swarms become unavailable (e.g., by descending in the water column or by being depleted) at random times at a rate (per hour), and new swarms become available at random positions and times at rate ␤ (number of swarms per hour per square kilometer). We summarize the parameters in Table 1 .
We assumed that any searching albatross encountering an available swarm immediately begins to exploit it, and continues to exploit it until the swarm becomes unavailable. Each searching seabird has a flight speed of V (in kilometers per hour) and can detect available but previously undetected swarms within a distance d swarm . The encounter rate of searching albatrosses with previously undetected swarms is E U SU, where E U ϭ 2d swarm V. This rate represents the direct search component of the albatross foraging strategy. We assumed that a searching bird can detect and join any feeding flock within a distance d flock . Thus, the encounter rate of searching albatrosses with feeding flocks is E W SW, where E W ϭ 2d flock V. This rate represents the local enhancement component of the albatross foraging strategy.
These assumptions imply that the rates of change in the densities of searching and feeding albatrosses over time are as follows: 
In Eqs. 1, the first two right-hand terms in each equation represent conversion of searching birds to feeding birds, as they encounter undetected swarms or feeding flocks, respectively. The last right-hand term in each equation represents conversion of feeding birds into searching birds, due to the disappearance of the swarms upon which they are feeding (e.g., to deeper in the water column). Note that assuming E W ϭ E U (or, equivalently, d swarm ϭ d flock ) implies that albatrosses respond identically to swarms whether feeding birds are present or not, i.e., that they do not use local enhancement. Densities of undetected swarms and feeding flocks are:
In Eqs. 2, U and W represent disappearance of available swarms and E U SU represents the conversion of undetected swarms to detected swarms (i.e., feeding flocks), on being discovered by searching albatrosses. For simplicity, we assumed that the total available swarm density remains constant, so that ␤ ϭ . We note that, in reality, the disappearance rate of swarms may differ depending on whether they are under attack (detected) or not (undetected). However, under the assumptions of our model, differences in the disappearance rate of undetected swarms have no effect on the relevant variables in Eqs. 1 and 2, as long as the total density of available swarms, , does not change. In contrast, the disappearance rate of detected swarms is a key determinant of foraging success. Therefore, we interpret as referring to detected swarms, if a difference exists.
Densities of searching and feeding albatrosses and undetected swarms and feeding flocks in Eqs. 1 and 2 approach the equilibrium values:
In our simulations, albatross and swarm densities typically approached equilibrium values within a few hours or less. Therefore, in our analysis we used these equilibria to summarize foraging dynamics, while noting that under some circumstances transients might modify our conclusions.
The model outlined in Eqs. 1-3 contains six independent parameters (A, , V, d swarm , d flock , and ), making it difficult to systematically examine all relevant parameter combinations. We rewrote Eqs. 1 and 2 in a rescaled form that contains all of the original parameters, but combines them into just three dynamically meaningful groups:
where s ϭ S/A and u ϭ U/ are the fractions of searching birds and undetected swarms, respectively. The fraction of feeding birds is f ϭ F/A ϭ 1 Ϫ s, and the DENSITY DEPENDENCE IN ALBATROSSES FIG. 2. Perspective plots of the predicted feeding fraction in the rescaled model, Eq. 3. Plots represent the feeding fractions ( f ) of albatrosses for the respective value of R (relative detectability of feeding albatross flocks) as functions of scaled swarm density () and scaled albatross density (). See Eq. 4 and accompanying text for details on scaling. The plot for R ϭ 1 (panel A, upper left) represents foraging without local enhancement (flocks are no more conspicuous than swarms); higher values of R represent increased conspicuousness of flocks compared to swarms and reflect higher benefits to foraging using local enhancement. The contour interval is 0.1. fraction of detected swarms is w ϭ W/ ϭ 1 Ϫ U. R ϭ E W /E U is the relative detectability of flocks and swarms, ϭ E U / is a rescaled density of swarms, and ϭ AE U / is a rescaled density of albatrosses ( Table 1 ). Note that R ϭ 1 represents the case in which birds do not use local enhancement, with equal responses to undetected swarms and feeding flocks. The equilibrium values are as follows:
1 ϩ s Eqs. 5 allow us to concisely summarize the predicted fractions of birds feeding for a wide range of plausible parameter values (Fig. 2) . To our knowledge, this figure represents the first concise, quantitative statement about the effects of flocking behaviors on seabird-prey interactions in the Antarctic Ocean.
In Fig. 2 , local enhancement has an effect for any values of , , and R at which the feeding fraction, f, differs from its corresponding position in the first panel (R ϭ 1). At high krill densities (log 10 () Ͼ 0.5), albatrosses do well for any relative detectability and bird density, because solitary search is sufficient to locate swarms rapidly. Thus, local enhancement has little effect at high krill densities. However, at lower krill densities (log 10 () Ͻ Ϫ1), the fraction of birds feeding on the water is a strong function of relative detectability and bird density. This is best indicated by the differences in the feeding fraction between the lower left of each panel (low krill, low birds) and the lower right (low krill, high birds). For low relative detectabilities (R ϭ 1 and R ϭ 10), the feeding fractions are similar in these two cases. When albatross density increases, the number of feeding flocks also increases, but that does not provide additional foraging opportunities for searching birds. However, at successively higher relative detectabilities (R ϭ 100 and R ϭ 1000), gain in the feeding fraction is increasingly pronounced. This is because birds foraging at high conspecific density can take advantage of a large number of highly conspicuous feeding flocks to flag otherwise undetectable prey swarms. Thus, relative detectability (R) significantly alters the functional response of the feeding fraction ( f ) as a function of krill density () and albatross density ().
EXPLORATION OF MODELING PARAMETERS
We related our model results to field observations in two ways. First, we used the best available data from the literature, supplemented by our data from two additional cruises, to independently estimate the parameters appearing in our model. Then, we reassessed the data from the summer 1986 South Georgia survey (Fig. 1) to look for quantitative agreement with the model's predictions that the fraction of time albatrosses spend feeding on krill swarms, f, should show a strong interaction between albatross and krill densities.
Estimates of parameter ranges
We identified ranges of the parameters A, , V, d swarm , d flock , and that we believe are relevant starting points for estimating the quantitative effects of local enhancement on Black-browed Albatross foraging success. For most of these parameters, we present low and high values that indicate what we believe to be the plausible range, together with an ''intermediate'' value within that range that we used in our baseline simulations (Table 1) .
The disappearance rate of swarms, , is the inverse of the mean duration of an available swarm. Estimating directly for detected and undetected swarms is difficult, because no one has studied the fates of specific swarms (except Demer and Hewitt [1995] who followed a single swarm for 24 hours). We estimated for swarms under attack by observing the duration of nine mixed-species feeding flocks of birds that contained Black-browed Albatrosses, encountered along a survey transect in June and July of 1993 at South Georgia. To our knowledge, these are the only such data available for feeding flocks on krill swarms. We assumed that flocks lasted until the underlying krill swarms became unavailable, that krill swarms disappeared at random intervals, and that, consequently, the disappearance times of swarms were exponentially distributed:
where f available (t a ) is the probability that a given swarm will disappear at time t a . This is also the frequency distribution of the times when a swarm is available to a feeding bird, once that bird has begun exploiting the swarm. The maximum likelihood estimate of from the empirical frequency distribution of disappearance times (Hilborn and Mangel 1997) was ϭ 1.1 h Ϫ1 , with a 95% confidence interval (estimated by relative likelihood) of 0.54 h Ϫ1 Ͻ Ͻ 2.0 h Ϫ1 . This range of uncertainty spans a factor of nearly fourfold, over which our simulations gave substantially different results. For example, when albatross density is 2.5 birds/ km 2 (the ''intermediate'' value in Table 1 ) and krill swarm density is 0.01 swarms/km 2 (the ''low'' value in Table 1 ), our model predicts ϳ65% of birds to be feeding if ϭ 0.5, whereas only 15% are predicted to be feeding if ϭ 2.
We used data from a cruise to South Georgia in January-March 1986 to estimate the ranges of krill swarm densities () that foraging Black-browed Albatrosses are likely to encounter. On this cruise, 121 krill swarms were encountered in total (Hunt et al. 1992 ). This translates to an average swarm density of ϳ1.4 swarms/km 2 over all transects. Demer and Hewitt (1995) estimated that ϳ30% of krill biomass may occur in the top 10 m of the water column, so that undetected surface biomass corresponds to 3/7 or just over 40% of the detected biomass. If this percentage also represents the number of swarms near the surface, we obtain an order of magnitude estimate of 0.6 swarms/km 2 in the top 10 m, leading to our choices of typical high, intermediate, and low values for this parameter (Table 1) . Pennycuick (1982) and Spear and Ainley (1997) observed ground speeds of Black-browed Albatrosses in the range 8-18 m/s; we used a fixed value of V ϭ 10 m/s while we varied more uncertain parameters. We considered a lower bound of d flock ϭ 1 km, although clearly adverse conditions such as fog or precipitation could temporarily make this value much lower. From Pennycuick's (1982) observation of ϳ5 m altitude for searching birds, the analysis of Haney et al. (1992) gives an upper bound of d flock ϭ 17 km (though they DENSITY DEPENDENCE IN ALBATROSSES   FIG. 3 . Reanalysis of the feeding fraction of albatrosses in South Georgia in 1986. In (A), the horizontal axis represents the rotated coordinate, , which is a linear combination of the log of bird density and the log of krill biomass (see Eq. 6 and accompanying text for details). (B) A plot of the curve-fit of Eq. 6 to the observed feeding fraction from South Georgia, by nonlinear least squares. (C) The slope parameter, a, specifying the relative importance of increases in krill and predator biomasses in determining the observed foraging success of albatrosses. The shaded area represents the 95% confidence interval from the 1986 data, determined by relative Table  1 . The solid curve represents the slope predicted independently by the model, Eq. 3. Within the parameter ranges we believe to be applicable, the data and the model predictions are consistent.
observed that actual recruitment distances appeared to be substantially lower). We estimated the lower bound for d swarm as 10 m, based on typical detection distances by humans (R. R. Veit, personal observation) and on the physical dimensions of krill swarms. In high-krill areas, Black-browed Albatrosses turn at 200-300 m intervals (Veit and Prince 1997) , which is likely to be larger than d swarm , because an interturn distance equal to or shorter than the detection distance would duplicate coverage and be inefficient. Therefore, we took the lower of these values (200 m) as an upper limit for d swarm .
A re-examination of the summer 1986 South Georgia observations
We quantified density dependence in the fraction of feeding birds by using a nonlinear least squares algorithm to fit the data from the summer 1986 South Georgia survey to the function
In biological terms, Eqs. 6 represent a sigmoidal functional response of albatross foraging rate in response to density of krill, birds, or a combination of both.
Recall that B is observed krill biomass and A is albatross density. The variable is a linear function of log(B) and log(A) that represents the combination of these two quantities that best predicts foraging success. The parameters g and k determine the range of krill and bird densities over which the fraction of time feeding changes from near zero to near one. These fitted parameters subsume the unknown proportionality between acoustic biomass, B, and available krill swarm density, . The parameter a in Eq. 6 represents the relative importance of bird density and krill biomass in determining foraging rate: a ϭ 0 represents the case in which the density of other feeding birds has no impact on time spent feeding; a Ͻ 0 represents the case in which time spent feeding decreases with increasing conspecific density; and a Ͼ 0 represents the case in which time spent feeding increases with increasing conspecific density. The local enhancement model predicts the latter case, a Ͼ 0.
Eqs. 6 give us a direct and independent estimate of the density dependence parameter, a, without having to specify beforehand the many unknown factors that contribute to k. The best-fit parameters are g ϭ 0.90, a ϭ 1.8, and k ϭ Ϫ2.6. The 95% confidence intervals, estimated from relative likelihood, are 0.10 Յ g Յ 2.9, 0.47 Յ a Յ 2.7, and Ϫ6.4 Յ k Յ 1.4. With these parameters, Eqs. 6 explain an encouraging amount of the variation observed in the data (r 2 ϭ 0.61) compared to the analyses in Fig. 1 . We plot the resulting estimate of f, both as a function of and as a function of log(B) and log(A) (Fig. 3) .
The key implication of these findings for foraging dynamics in Black-browed Albatrosses is that the South Georgia data clearly suggest an interaction between the effects of krill and albatross densities on the fraction of time spent feeding. All values within the 95% CI indicate that conspecifics are beneficial (a Ͼ 0). In fact, in the higher part of the confidence interval for a, an increased density of conspecifics is more beneficial than an equivalent increase in prey density. We emphasize that this analysis is a direct test of the hypothesis that birds simply feed better in high-krill areas, and that our observations clearly contradict that hypothesis. Thus, these results suggest that the presence of other foraging birds has a strong positive effect on feeding success in Black-browed Albatrosses feeding on Antarctic krill swarms.
Our result is qualitatively consistent with the predictions of the local enhancement model. How do the quantitative model predictions compare to the observed values of a? Over the range of relative detectability (R) that we deemed plausible (Table 1) , the a value predicted by the model for the ''intermediate'' parameters from Table 1 was ϳ0.7, with a ''low'' to ''high'' range of ϳ0.25-0.95. In Fig. 3C , we present the 95% CI from the South Georgia data overlying a plot of the model's predictions of a as a function of R. This plot shows a great deal of consistency between the South Georgia data and independently derived model predictions: the predicted extreme values of a for plausible R values are largely within the data's 95% CI. In particular, the data are consistent with the model's predictions for R Ն 35, a range of this parameter that includes our ''intermediate'' plausible parameters for which R ϭ 80 (Table 1) . Thus, we find both theoretical and empirical support for an indirect, density-dependent foraging mechanism (local enhancement) in Black-browed Albatrosses foraging for krill swarms, while noting that additional observations are needed to further constrain the model and to strengthen the statistical analyses.
DISCUSSION
In this paper, we developed a model of a social foraging strategy, local enhancement, in Black-browed Albatrosses foraging for Antarctic krill swarms. We derived analytical estimates of how an index of foraging success (the fraction of time spent in feeding flocks) varies with krill availability and numbers of predators. Our principle result is that, across a wide range of plausible parameter values, the model predicts a strong increase in time spent feeding due to local enhancement. That is, the model predicts that albatrosses often find most of their prey indirectly by observing other feeding albatrosses, rather than by detecting the swarms directly.
These results suggests a powerful evolutionary advantage for seabirds employing local enhancementtype foraging strategies (Buckley 1997) . Furthermore, local enhancement may dramatically shift the foraging payoff for different prey types, in favor of prey that (like krill) form resource patches that are cryptic, but sufficiently large and long-lived to provide a payoff for multiple birds. From an ecological perspective, our results imply a strong dependence of albatross foraging success on the presence of a sufficient number of conspecifics. This density dependence, known as an Allee effect (Allee 1938 , Clark and Mangel 1984 , Lewis and Krebs 1993 , Groom 1998 , Stephens and Sutherland 1999 , is potentially destabilizing for populations at local or regional levels. A decrease in predator numbers can lead to a decrease in foraging success, leading to further decrease in predator numbers as predators forage elsewhere or suffer reproductive failure.
Model assumptions and limitations
The advantages of local enhancement as a foraging strategy in our model stem from two assumptions about the albatross-krill predator-prey system. First, feeding flocks are far more conspicuous to searching birds than are available (but undetected) krill swarms (i.e., d flock k d swarm ). Therefore, the relative detection rate of swarms already located by birds (E W ) is much higher than that of swarms with no birds over them (E U ). We neglected possible increases in visibility with an increasing number of flock members (Porter and Sealy 1982) or swarm sizes (Miller and Hampton 1989, Watkins and Murray 1998) , and multispecies interactions (Harrison et al. 1991 , Balance et al. 1997 , Maniscalco et al. 2001 . Second, the fraction of time spent feeding on the water gives a useful approximation to the actual benefits to foraging seabirds. This index neglects potentially important effects, especially intraflock interference and facilitation (Ashmole and Ashmole 1968 , Norris and Johnstone 1998 , Yates et al. 2000 . Only two studies quantify intraflock interactions in seabirds: Gö tmark et al. (1986) showed that capture success increases with flock size (facilitation) for relatively small flocks of Black-headed Gulls up to eight birds; and Maniscalco et al. (2001) showed decreased feeding rates (interference) by Black-legged Kittiwakes in the presence of large numbers of Glaucous-winged Gulls. Neither of these studies applies directly to Blackbrowed Albatrosses. Yet, the fact that their conclusions differed so markedly suggests caution in assuming that intraflock interactions are either strongly negative or positive, in the absence of observations demonstrating that is the case. Flocks in the Antarctic can, of course, DENSITY DEPENDENCE IN ALBATROSSES be much larger than those in these two studies (we have seen individual flocks of 10 5 -10 6 birds; Veit and Hunt 1991) and the extent to which interference among members of large flocks hinders prey capture rates is unknown. The existence of large feeding flocks of Antarctic seabirds suggests to us at least two possible interpretations: (1) that birds profit, at least some of the time, by joining large flocks; or (2) that birds are unable to anticipate from the size of flocks whether they are profitable or not, and must join them at least briefly to find out.
We have two reasons to believe that the fraction of time spent feeding is a useful index in the present context. First, we were able to compare our results directly to our observations of bird behaviors in the field. Quantitative observations of actual feeding rates within albatross flocks do not exist at present. Thus, we had no basis for assuming a particular type of intraflock interaction in our model, and could not have compared our results to empirical data had we done so. Second, we have developed a detailed theoretical analysis of flock-size distributions and intraflock interactions based on the present model (D. Grü nbaum and R. R. Veit, unpublished manuscripts) that allows us to estimate the foraging consequences of specific intraflock interactions. Our best estimates using this model are that intraflock interactions modify, but do not negate, the substantial benefits of employing local enhancement as a foraging strategy. One conclusion of our study is that we critically lack quantitative assessments of intraflock interactions and possible flock-size dependent behavioral strategies used by seabirds to maximize foraging success.
Environmental variability
Our model predicts a strong dependence of foraging success on the longevity of available swarms (as determined by the swarm disappearance rate, ). Our estimates of feeding flock disappearance rates (0.54 Ͻ Ͻ 2.0 h Ϫ1 ) give us, for the first time, some ability to quantitatively predict the impact of local enhancement on the foraging success of Black-browed Albatrosses. However, the uncertainty about the true values of translates into substantial uncertainty in predicted feeding success. Many existing survey transects estimate density of krill biomass. However, we know of no study that has directly measured the rates of appearance and disappearance of swarms in the upper 1-2 m of the water column where they can be exploited by surfacefeeding predators such as albatrosses. We suggest that better assessment of should be a high priority in future field observations of albatross-krill interactions. In particular, it is critical to establish whether annual or regional variations in available krill swarm density are due primarily to changes in swarm disappearance rate, , to changes in swarm appearance rate, ␤, or whether both of these rates vary substantially. The model indicates that foraging success is much more sensitive to than to ␤. This is intuitively reasonable, because increases in both decrease the number of krill swarms and decrease the expected payoff from each detected swarm. Conversely, decreases in ␤ decrease the number of krill swarms but do not affect the expected payoff per detected swarm.
Aggregation mechanisms and seabird patchiness
Although our model does not explicitly consider spatial variations in densities of Black-browed Albatross and krill swarms, we can still draw several conclusions about the effects of local enhancement on spatial distributions of predators and prey. Black-browed Albatrosses and other seabirds modulate their foraging movements using search strategies known variously as area-restricted searches or biased random walks (Veit and Prince 1997, Veit 1999) . In these behaviors, birds that are foraging more successfully turn at higher rates (or fly more slowly) relative to birds that are less successful. Theoretically, these modulations in turning rates result in longer residence times for seabirds in higher payoff than in lower payoff areas, with the consequence that seabirds climb spatial gradients in profitability to accumulate in the most profitable parts of their resource distributions (Grü nbaum 1998 (Grü nbaum , 1999 (Grü nbaum , 2000 .
Climbing gradients in profitability corresponds to crossing contours of equal foraging success to reach higher contours in Figs. 2 and 3. One key conclusion from these figures is that higher contours can be reached by moving to higher predator densities, as well as by moving to higher krill swarm densities. Therefore, area-restricted search or similar search strategies, in combination with local enhancement, should cause seabirds to climb both gradients in krill abundance and gradients in predator density. Even in the case of a relatively uniform prey distribution, we would therefore expect simultaneous use of local enhancement and area-restricted search to produce highly aggregated predator distributions. Such clustered distributions are indeed observed in seabirds (O'Driscoll 1998, Rey and Schiavini 2000) . This predator aggregation may potentially function as a compensatory mechanism in the face of declining seabird numbers, if the result is that predators aggregate enough to profit from local enhancement.
More generally, our study is an example of how modeling studies can help to interpret scanty and confusing data on ecological dynamics in the Antarctic. Quantitative observations of seabird-krill interactions are difficult to obtain in these remote regions, and there is immediate need for management decisions balancing exploitation and conservation in this relatively undisturbed ecosystem. We believe iteration between field observations and models, even exploratory models such as ours with many uncertainties and simplifications, is essential to insightfully synthesize old observations and plan new ones. Our model identified spe-cific, quantifiable characteristics of predator-prey and predator-predator interactions that have not been adequately measured, such as krill swarm disappearance rates, intraflock interactions, density of swarms available to nondiving seabirds, and detection distances for swarms and feeding flocks. We showed how lack of knowledge of these characteristics limits our ability to understand how Antarctic seabirds respond to spatial and temporal variations in their prey, and we provided a modeling framework to use observations when they become available. Our model provided quantitative, falsifiable predictions about the fundamental dynamics of the Antarctic ecosystem, such as the presence of Allee-type density dependence in foraging success and mechanisms for generating highly aggregated spatial distributions of seabirds. Whether the predictions of our present model are right or wrong, we believe that quantitative models that link the logical consequences of a reasonably simple set of ecological mechanisms to specific field observations are a highly productive strategy for understanding ecological dynamics in the Antarctic.
